Induction of DNA damage induces a dynamic repair process involving DNA repair factors and epigenetic regulators. Chromatin alterations must occur for DNA repair factors to gain access to DNA lesions and restore original chromatin configuration to preserve the gene expression profile. We characterize the novel role of CBX8, a chromodomain-containing protein with established roles in epigenetic regulation in DNA damage response. CBX8 protein rapidly accumulates at the sites of DNA damage within 30 s and progresses to accumulate until 4 min before gradually dispersing back to its predamage distribution by 15 min. CBX8 recruitment to the sites of DNA damage is dependent upon PARP1 activation and not dependent on ATM activation. CBX8 biochemically interacts with TRIM33, and its recruitment to DNA damage is also dependent on the presence of TRIM33. Knockdown of CBX8 using siRNA significantly reduces the efficiency of both homologous and the other nonhomologous recombination, as well as increases sensitivity of cells to ionizing radiation. These findings demonstrate that CBX8 functions in the PARP-dependent DNA damage response partly through interaction with TRIM33 and is required for efficient DNA repair.
DNA damage response is characterized by rapid activation of a signal transduction cascade, resulting in the recruitment of DNA repair machinery and chromatin remodeling complexes to the sites of DNA damage (1) (2) (3) . Signals for recruiting and activating these downstream targets are transduced by means of phosphorylation, ubiquitination, sumoylation, and poly-(ADP-ribosyl)ation, as well as a multitude of various other posttranslational modifications (4 -6) . For instance, upon sensing DNA double-stranded breaks, Mre11-Rad50-Nbs1 (MRN) complexes facilitate the ATM auto-phosphorylation and activation (4) . ATM then activates downstream mediators and effectors such as pH2AX and CHK1. Likewise, upon sensing multiple DNA breaks, poly(ADP-ribose)polymerase (PARP) 3 is activated and auto-poly(ADP-ribosyl)ates itself along with a variety of downstream substrates such as histones (7) .
PARP are a family of enzymes (8) with a variety of critical cellular roles including those in DNA repair, transcriptional regulation, and metabolic function (9 -12) . Recent observations that cells deficient in homologous recombination (HR) mediated repair are sensitive to PARP inhibitors suggests an important role of PARP in DNA repair (13, 14) . The known function of PARP in single-strand break repair is thought to be central to its "synthetic lethality" with BRCA1/2 loss (15) . However, PARP has a broader role in DNA repair and is active at single strand breaks, stalled replication forks, and DNA doublestranded breaks. Moreover, the exact functional role of PARP in DNA repair pathways remains unclear. Recent data suggest the poly(ADP-ribose) polymers (PARs) induced by PARP activity at DNA breaks can recruit chromatin remodeling enzymes such as ALC1 (amplified in liver cancer 1), and they may be critical for proper repair (16 -18) . However, little is known about such downstream effects of PARP activity.
Recent studies have identified the role of polycomb group proteins such as Bmi1 in DNA damage response (19) . Polycomb genes are thought to mediate transcriptional silencing and have been implicated in the control of embryogenesis, development, stem cell self-renewal, and heritable epigenetic states, as well as cell proliferation and cancer (1, 4, 20 -27) . Polycomb group proteins can be classified based on the complexes they form. There are two main complexes: polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2 (PRC2). PRC2 functions to initiate chromatin silencing by virtue of its various histone methyltransferase activities (among others), whereas PRC1 functions to maintain the silent state by binding methylated histones and recruiting more PRC2 complexes, thereby spreading the inactivation signal (22, 28 -31) .
Chromobox proteins (CBX), named so for the presence of chromodomain, are a component of PRC1 complex (32) . CBX proteins have been found to be recruited to sites of DNA damage in the setting of a large screen (33) . This study described the localization of several polycomb-group proteins and NuRD complex to sites of DNA breaks. We now further characterize the role of CBX8 in the DNA damage response. Polycomb group proteins play a critical role in regulation of histone modifications, and our data suggest that they may be involved downstream of PARP activation in DNA repair processes.
Results
Polycomb Group Proteins Are Recruited to the Sites of DNA Damage-We investigated the recruitment of CBX proteins to the sites of DNA damage. YFP fusion constructs of CBX6, CBX7, and CBX8 were expressed in cells and localization to sites of UV laser scissors-induced DNA breaks was monitored by immunofluorescence (IF). The cells were fixed 2 min after induction of breaks and processed for IF staining for pH2AX to identify regions of induced DNA breaks. Our results (Fig. 1, A and B) indicate that CBX6, CBX7, and CBX8, which exhibit exclusive nuclear localization under normal conditions, are rapidly co-localized with pH2AX at the sites of DNA damage. CBX6 and CBX8 exhibited the strongest localization, whereas CBX7 exhibited a rather modest recruitment to the sites of DNA damage. Under identical experimental conditions CBX2-YFP or CBX4-YFP did not demonstrate a significant recruitment to the sites of DNA damage (results not shown). Furthermore, we note that the observed recruitment of CBX6, CBX7, and CBX8 was both rapid and transient, with recruitment being seen minutes after induction of DNA damage and declining after 10 -15 min. Of all the CBX proteins studied, CBX8 recruitment appeared to be the strongest, and hence we decided to study its role at the DNA damage sites in more detail. We confirmed the recruitment of endogenous CBX8 to laser scissors-induced DNA breaks by performing IF using antibodies to CBX8 and pH2AX ( Fig. 1B) .
Time Course of CBX8 Recruitment to Break Site-To characterize the time course of CBX8 recruitment, we performed live cell confocal imaging of cells transfected with CBX8-YFP and incubated with 5-iodo-2Ј-deoxyuridine (IdU) (34) overnight, using line scan feature of UV laser to induce local DNA breaks (Zeiss LSM 510 Meta). When we systematically imaged at 1-min intervals, we found that CBX8 appeared at the sites of FIGURE 1. CBX proteins are recruited to the sites of DNA damage. A, HeLa cells were plated in a 4-well chamber slide, transfected with CBX6-YFP, CBX7-YFP, or CBX8-YFP and treated with IdU. DNA was subsequently damaged using UV laser microirradiation. The cells were fixed immediately after inducing DNA damage and stained for pH2AX. B, U2OS cells were subjected to UV laser microirradiation and fixed within 10 min of DNA damage. The cells were stained for endogenous CBX8 and pH2AX and visualized using a fluorescence microscope (40ϫ) magnification. C, HeLa cells were plated as in A and under similar experimental condition; DNA was damaged using the UV laser (500 iterations in a narrow rectangular region) of Zeiss LSM 510 Meta confocal microscope at 63ϫ water immersion. The images were captured right before and after damage and subsequently at 1-min intervals. D, the pixel intensity in the rectangular box surrounding the DNA damage was measured using ImageJ. Normalized pixel intensity in the region of damage compared with the undamaged region, called the "relative CBX8 signal," was plotted as a function of time. E, the slide was fixed after the time lapse experiment and stained with pH2AX antibody, and the cell on which the live cell imaging was performed was found and verified for the presence of pH2AX staining in the region of damage.
DNA breaks almost immediately after the damage (within 1 min of the break). The highest abundance of CBX8 at DNA breaks was in 2-4 min and resolved back to its predamage distribution by 15 min (Fig. 1, C and D) . We confirmed the presence of DNA damage under the experimental conditions used for live cell imaging by fixing the cells after the experiment and staining for pH2AX ( Fig. 1E ).
Structure-Function Analysis of the CBX8 Recruitment-CBX8 is known to have a well conserved N-terminal chromodomain, as well as the C-terminal repressor box. In addition, a recent comparative sequence analysis between the various vertebrate polycomb homologs has identified novel motifs in CBX8 (35), including two "AT hook-like" motifs similar to the DNA-binding AT hook motif, a signature Cx8.1 motif specific to CBX8 in the various vertebrate species analyzed, as well as Arg-and Glu-rich RED motif ( Fig. 2A ). There is also a stretch of ϳ150 amino acids near the C terminus without any annotation but has been shown to bind MLL fusion partner AF9 (36) . We call this domain ABD (for AF9 binding domain). We also investigated domains that are required for the recruitment of CBX8 to the sites of DNA damage by generating a set of deletion constructs lacking one or multiple of these motifs both from the N and C terminus of the protein into pEGFP-N3 ( Fig. 2A ). Expression of GFP fusion constructs was verified by Western blotting (Fig. 2B ). We then performed our live cell imaging experiments with these deletion constructs ( Fig. 2C ) and found that the N-terminal chromodomain is essential for localization to DNA breaks, because constructs that lack this domain fail to localize to DNA breaks. However, the chromodomain is not by itself sufficient for CBX8 recruitment. The inclusion of the adjacent ATHL1 motif (CBX8(1-2)-GFP) enables a weak localization to the sites of DNA damage. When the next motif, Cx8.1, was also included in our construct (CBX8(1-3)-GFP), we saw a localization signal that was similar to that of the full length of CBX8 (CBX8(WT)-GFP). These results suggest that the chromodomain, ATHL1, and Cx8.1 motifs contribute to the localization of CBX8 to the sites of DNA damage. Together, these findings suggest that the N-terminal chromodomain, ATHL1, and the Cx8.1 form a minimal unit that is essential and sufficient for CBX8 recruitment to the sites of DNA damage. The findings of these structure-function data are summarized in Fig. 2D .
To reaffirm that the recruitment of CBX8-GFP to the sites of UV laser-induced DNA damage is specific and restricted to the damage site, we performed our experiments using either GFP alone or H2B-GFP plasmids. We found that neither of these proteins was enriched at the sites of DNA damage (results not shown).
CBX8 Recruitment Is Independent of Other PRC Components-Because the results of our structure-function analysis suggested that chromodomain is important for CBX8 recruitment to the sites of DNA damage and chromodomain is known to interact with H3K27me3, we further investigated whether inhibiting EZH2, known as a histone methyltransferase that methylates H3K27, would abrogate CBX8 localization. We found that CBX8 localization to the sites of DNA damage persisted despite treating cells with an EZH2 inhibitor, DZNep ( Fig. 3A) (37) , at concentrations that significantly reduce the levels of H3K27me3 (Fig. 3B ). Similar results were obtained using another specific inhibitor of PRC2 (GSK 126) (38) (Fig. 3 , C and D). These findings suggest that binding of chromodomain to methylated histones may be dispensible for recruitment of CBX8 to sites of DNA breaks. CBX8 has been reported to interact with other polycomb group proteins such as Bmi1 (39) . To investigate whether CBX8 recruitment is driven by Bmi1, we tested CBX8 recruitment in Bmi1 Ϫ/Ϫ MEFs (INK4a Ϫ/Ϫ , ARF Ϫ/Ϫ background) and found that CBX8 localization in both WT MEFs and Bmi1 Ϫ/Ϫ MEFs is identical; thus CBX8 recruitment is independent of Bmi1 ( Fig. 3E ).
CBX8 Recruitment Is Independent of ATM and ATR-UV microirradiation in the setting of IdU pretreatment is known to induce DNA double-strand breaks and other DNA lesions that are known to activate ATM and ATR kinase pathways (40) . To investigate the role of ATM and/or ATR activation on CBX8 recruitment to DNA breaks, we performed live cell imaging experiment on cells treated with DMSO or ATM inhibitor (KU-0055933) and ATR inhibitor (VE-821). We found that treatment with ATM or ATR inhibitor (41) had no effect on the recruitment of CBX8 to the sites of DNA damage (Fig. 3 , F and G).
CBX8 Recruitment Is Dependent on PARP Pathway-Given the extremely rapid dynamics by which CBX8 is recruited to the sites of DNA damage, which is similar to the dynamics of PARP activation, we investigated the role of PARP in this process (42, 43) . We found that treatment with a PARP1 inhibitor (KU-0058948), at doses that abolish auto-poly(ADP-ribosyl)ation of PARP1, abolished CBX8 recruitment to the DNA damage sites (Fig. 4, A and B) . Moreover, CBX8 showed no recruitment to DNA breaks in Parp1 Ϫ/Ϫ MEFs, confirming that PARP activity is required for this process (Fig. 4 , C and D).
CBX8 Recruitment Is Dependent on TRIM33-Recent investigations have identified that PARP activation at DNA breaks leads to recruitment of several proteins, including ALC1, a chromatin remodeling protein, and TRIM33, a transcriptional repressor and ubiquitin ligase (18, 44 -47) . We found that CBX8 recruitment was intact in cells harboring shRNA-mediated knockdown of ALC1 ( Fig. 4 , E and F), suggesting that CBX8 is recruited to DNA breaks independently of ALC1. We investigated CBX8 recruitment in cells transfected with TRIM33 specific shRNA and found that CBX8 localization to the sites of DNA damage was absent in cells with TRIM33 knockdown compared with control shRNA-treated cells (Fig. 4 , G and H). This suggests that CBX8 recruitment to DNA breaks is dependent upon TRIM33.
CBX8 Interacts with TRIM33-To determine whether there is a biochemical interaction between CBX8 and TRIM33, we performed co-immunoprecipitation (co-IP) experiments. We transfected HEK293 cells with a plasmid expressing FLAG-HAtagged CBX8 (pOZ-FH-C-CBX8) or control plasmid (p-OZ-FH-C). These cells were then exposed to UV radiation, and samples were harvested at various time points after DNA damage. The nuclear extracts were co-immunoprecipitated using anti-FLAG affinity beads and analyzed by Western blotting. We found that FLAG-CBX8 co-immunoprecipitates TRIM33 (Fig. 4I ). The result suggests that CBX8 interacts with TRIM33. These interactions are present both at baseline and after induction of DNA damage, suggesting that they are constitutive interactions independent of presence of DNA breaks.
Knockdown of CBX8 Reduces the Frequency of the Homologous and Non-homologous Recombination and Increases
Radiosensitivity-We further investigated the functional role of CBX8 in homologous and non-homologous mediated DNA repair using a specific reporter assays (48 -50) . We found that the knockdown of CBX8 by using two separate CBX8-specific siRNAs (siCBX8 -1 and -2) significantly reduced the efficacy of both HR-and NHEJ-mediated repair using separate specific GFP-based reporter systems ( Fig. 5, A-D) . These data strongly suggest that CBX8 is required for efficient HR-mediated as well as NHEJ-mediated DNA repair. Structure-function analysis of the CBX8 domains responsible for its recruitment to sites of DNA damage. A, the domain architecture of CBX8 is indicated above the WT construct. The various deletion segments of CBX8 were cloned into pEGFP-N3 vector as indicated. The numbers below the WT construct indicate the amino acid span of each domain. The numbers below the deletion constructs indicate the range of amino acids cloned for that particular construct. Constructs are drawn to scale. B, U2OS cells were transfected with the different CBX8-GFP deletion constructs. Protein expression is shown in Western blot stained with anti-GFP antibody. The minus sign indicates transfection with empty vector expressing GFP alone. WT CBX8-GFP is ϳ70 kDa and the 25 kDa is the GFP band. C, U2OS cells were transfected with the CBX8-GFP deletion constructs and treated with IdU. DNA damage was performed the following day using the UV laser of Zeiss LSM 510 Meta confocal microscope, and live cell imaging was performed as described earlier. Images taken prior to induction of DNA damage and a representative time point during interval of peak localization noted for WT-CBX8 (from 2 to 10 min) are shown for each construct. D, summary of the structure-function data.
We next investigated the role of knockdown of CBX8 on the sensitivity to ionizing radiation. We found that the knockdown of CBX8 significantly reduces the ability of U2OS cells to form colonies following exposure to ionizing radiation ( Fig. 5 , E-G) (3). These results suggest that CBX8 plays an important functional role in promoting efficient DNA repair as well as cell survival following DNA damage.
Discussion
DNA breaks lead to rapid activation of PARP1/2, catalyzing the assembly of new PAR chains onto chromatin. Loading of nascent PAR modifications onto chromatin leads to the recruitment of several chromatin remodeling enzymes, including ALC1 and ubiquitin ligases such as TRIM33, which contributes to dynamic local chromatin relaxation and allows for efficient repair (18, 47, 51) . Here, we demonstrate that the polycomb factor, CBX8, plays a role in PARP-dependent DNA damage repair pathway. We confirm that CBX8 is rapidly recruited to sites of DNA breaks in a PARP-dependent fashion (33) . We further demonstrate that CBX8 also plays a role in efficient repair of DNA lesions because knockdown of CBX8 leads to decrease in efficacy of both HR and NHEJ, as well as increased radiosensitivity (3) . These data suggest that a loss of CBX8 has a general effect on efficacy of DNA double-stranded break repair. This observation raises the possibility that CBX8 may play an early role in process of DNA breaks that is required for both HR and NHEJ.
CBX8 is part of PRC1, which includes both Bmi1 and RING1a/b, and CBX8 has been shown to interact with Bmi1 (39) . Interestingly, Bmi1 has also been reported to play a role in DNA damage repair and is also recruited to sites of laser scissors-induced local DNA breaks (19, 52, 53) . However, Bmi1 has very different dynamics of recruitment to damage site from CBX8. Bmi1 is recruited to sites of laser scissor-induced DNA breaks within minutes. However, unlike CBX8, which is present at breaks only for 15-20 min, Bmi1 is retained at these sites for several hours. Bmi1 recruitment and prolonged retention is also dependent on ATM activation, whereas CBX8 recruitment is completely dependent upon PARP activation and is unaffected by ATM or ATR inhibition. These observations suggest that the function of CBX8 in DNA repair may be independent of that of Bmi1. Consistent with this hypothesis, the recruitment of CBX8 to sites of DNA breaks in not impaired in Bmi1 Ϫ/Ϫ ; INK4a Ϫ/Ϫ MEFs. Thus Bmi1 and CBX8, although present in the same PRC1 complex in the setting of epigenetic regulation, may have independent roles in DNA repair. It is known that the conserved N-terminal chromodomain region of CBX8 binds methylated histones (54) . Our studies show that the chromodomain of CBX8 is required but not sufficient for its recruitment to DNA breaks. The adjacent AT-hook like domain (ATHL1) and CBX8 signature motif Cx8.1 are also required for efficient recruitment to DNA breaks. The functional roles of ATHL1 and Cx8.1 motifs are at present unclear. It has been hypothesized that the presence of DNA binding domain adjacent to the histone binding chromodomain in CBX proteins might lead to a three-way CBX-histone-DNA interaction that can restrict nucleosome dynamics (35) . Our results demonstrate that CBX8 recruitment to the sites of DNA damage may not require the presence of histone H3 methylated at Lys 27 (H3K27me3). Reduction of global H3K27me3 levels by DZNep or GSK 126 did not eliminate localization of CBX8 to laser scissors-induced DNA breaks. This again suggests that the chromodomain of CBX8 may be binding to other methylated substrates in the context of DNA damage. Several studies have suggested that CBX8 chromodomain may have different substrate specificities than other polycomb chromodomains and may include non-histone peptides as potential binding targets (55) (56) (57) .
CBX8 is required for efficient DNA repair because knockdown of CBX8 leads to both reduced efficiency of HR and NHEJ, as well as increased radiosensitivity. This phenotype is very similar to that seen with knockdown of another PARP-dependent DNA repair factor, TRIM33. Indeed CBX8 biochemically interacts with TRIM33, as seen by endogenous co-immunoprecipitation, and the localization of CBX8 to sites of DNA breaks is dependent upon the presence of TRIM33. This suggests a functional interaction between CBX8 and TRIM33 in the DNA repair process.
Of note, CBX8 appears to be dependent upon TRIM33 expression, but not on ALC1, for its recruitment to DNA breaks, even though the localization of TRIM33 is dependent on ALC1 localization (47) . One possible explanation is that with ALC1 knockdown, although TRIM33 localization is greatly diminished, enough TRIM33 is present to support CBX8 localization. Alternatively, it may be that CBX8 localization depends on some activity of TRIM33 that does not require TRIM33 localization at DNA breaks. Interestingly, unlike the interaction of TRIM33 with ALC1, which is only present after induction of DNA damage (47) , the biochemical interaction of TRIM33 with CBX8 appears to be constitutive (Fig. 4I) . Thus TRIM33 and CBX8 may biochemically interact even in absence of DNA damage, when TRIM33 is not localized at DNA breaks. This constitutive interaction with TRIM33 may be required for proper localization of CBX8 to DNA breaks, even in the absence of efficient recruitment of TRIM33 to DNA breaks. This finding suggests that CBX8 and TRIM33 may also be functionally related independent of the presence of DNA damage.
Interestingly, both CBX8 and TRIM33 have been reported to function in transcriptional silencing, suggesting that these proteins may be involved in local transcriptional silencing at sites of DNA damage. ATM activation has been shown to induce local chromatin silencing as part of the DNA damage response (58) . Because TRIM33 and CBX8 appear to be more associated with PARP activation than ATM/ATR activation, it is tempting to speculate that these proteins may partly function to induce transcriptional silencing downstream of PARP activation during the DNA damage response. Because PARP activation may lead to increased chromatin access, active transcriptional silencing may be required to prevent the inappropriate transcriptional activation near DNA breaks. Understanding the process by which DNA damage is repaired in this setting requires further investigation.
Materials and Methods
Tissue Culture and Cell Lines-The cells were cultured in DMEM (Gibco 11995) supplemented with 10% FBS (GeneMate S-1200-500) and 1% antibiotics (either 100 units/ml penicillin ϩ 100 g/ml streptomycin (Gibco 15140) or 1ϫ antibiotic- OCTOBER 28, 2016 • VOLUME 291 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 22887 3) . The cells were treated with the indicated doses of ␥-radiation and incubated for 3 weeks, and their ability to form colonies was assayed by crystal violet staining. A representative 10-cm plate from a set of triplicate is shown. F, siRNA-treated cells were plated in a 6-well plate in parallel to the 10-cm dishes used for colony forming assay. The samples were harvested 72 h after siRNA treatment and assayed for CBX8 levels. G, graphical representation of the colony counts.
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antimycotic (Gibco 15240)). The cells were washed with Dulbecco's PBS (Gibco 14190) prior to trypsinization (Gibco 25200) and maintained in a humidified incubator with 5% CO 2 . Bmi1 control (INK4a Ϫ/Ϫ , ARF Ϫ/Ϫ , Bmi1 ϩ/ϩ ) and deficient (INK4a Ϫ/Ϫ , ARF Ϫ/Ϫ , Bmi1 Ϫ/Ϫ ) MEFs were obtained from Maarten van Lohuizen (Netherlands Cancer Institute). Parp1 Ϫ/Ϫ MEFs were obtained from Kathleen Scotto (Rutgers Cancer Institute of New Jersey). ALC1-deficient U2OS cells were obtained from Simon Boulton (18) . They were cultured in 2 g/ml puromycin.
Plasmid and siRNA Transfection-CBX6, CBX7, and CBX8 fused with YFP and cloned into pCMVFlag were obtained from Tom Kerppola (59) . CBX8-GFP and its deletion constructs were cloned into pEGFP-N3 as described below. All plasmids were transfected using Opti-MEM I-reduced serum medium (Gibco 31985). For transfection in a 6-well plate, 2 ϫ 10 5 cells were plated/well in DMEM. The following day, the medium was changed to Opti-MEM I prior to transfection. The cells were then transfected using 1 g of the desired plasmid (diluted in 250 l Opti-MEM I) and 4 l of Lipofectamine 2000 (Invitrogen 11668-019) (diluted in 250 l of Opti-MEM I) using manufacturer's protocol. The medium was changed back to DMEM 4 -6 h post-transfection. For transfection into 4-well chamber slides, 1 ϫ 10 5 cells were plated/well and transfected using 0.5 g of plasmid and 1.5 l Lipofectamine 2000 (each diluted in 30 l of Opti-MEM I). siRNA targeting CBX8 was obtained from Sigma (si-CBX8: SASI_Hs01_00047550: CUCGCUUGCUCG-CAGCCUU, custom designed for si-UTR (si-UTR: 5Ј-GCGU-GAGCUUGGCAUAGUG-3Ј). Negative control siRNA was also obtained from Sigma (si-scr: SIC001-5 ϫ 1NMOL: proprietary sequence). For transfection in a 6-well plate, the cells were plated as described before and transfected using 50 pmol of siRNA, unless otherwise stated (diluted in 250 l of Opti-MEM I), and 5 l Lipofectamine 2000 according to manufacturer's protocol. The medium was changed back to DMEM 24 h posttransfection. In a 2-ml final volume, this siRNA concentration corresponds to 25 nM.
Preparation of Cell Extracts-To prepare whole cell extracts, culture medium from plate was aspirated on ice. The cells were washed twice with ice-cold PBS. The cells were then scraped in 250 l of NETN buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1ϫ Protease inhibitor; Roche 04693124001) and incubated on ice for 15 min. Samples were sonicated using Branson Sonifier 450 (duty cycle, 10%; output control, 3) three times for six pulses each. This sonication protocol gave very consistent and reproducible results, and thus whole cell extracts were collected by centrifugation at 14,000 rpm for 10 min at 4°C. The samples were quantitated using Bio-Rad protein reagent (Bio-Rad 500-0006) on the Beckman Coulter DU640 model spectrophotometer.
SDS-PAGE and Western Blotting-Protein samples were mixed 1:1 with 2ϫ Laemmli sample buffer (Sigma S3401-1VL) and boiled for 10 min at 95°C. The 10-g sample/well was loaded on a 10% Tris-glycine SDS-polyacrylamide gel. The kaleidoscope protein ladder (Bio-Rad 161-0375) was used for molecular weight standard. The gels were run at 100 V for ϳ1 h and transferred onto a PVDF membrane (Bio-Rad 162-0177) at 15 V for 1 h using Trans-Blot S.D. semi-dry transfer cell (Bio-Rad 170-3940). The membrane was then blocked for 1 h at room temperature with 5% nonfat dry milk (Bio-Rad 170-6404) prepared in PBST (PBS ϩ 1% Tween 20). The blot was then incubated with the desired dilution of primary antibody overnight at 4°C and washed four times (15 min each) with PBST. This was followed by incubation with the desired dilution of secondary antibody in PBST for 1 h at room temperature. The blot was washed again with PBST and probed with a Western blot detection kit (Millipore 64-202BP).
Co-immunoprecipitation-To perform co-IP experiments, 2 ϫ 10 6 HEK293 cells were plated per 10-cm plate. The following day, the cells were transfected with 8 g of pOZ-FH-C or pOZ-CBX8-FH-C plasmid (cloned as described later) and 40 l of Lipofectamine 2000 (each in 1.5 ml of Opti-MEM I). The medium was changed 4 -6 h after transfection. 48 -72 h after transfection, UV damage (100 J/m 2 ) was performed by administering 254 nm UVC radiation using UV Stratalinker 1800 (Stratagene). At the desired time points, the nuclear extracts were harvested and co-IP was performed using the nuclear complex co-IP kit (Active Motif 54001) as per the manufacturer's instructions. Briefly, the cells were washed extensively with ice-cold PBS (supplemented with phosphatase inhibitors). The cells were scraped and harvested in PBS (supplemented with phosphatase inhibitors) and centrifuged at 1500 rpm for 5 min, 4°C. The pellet was resuspended in 1ϫ hypotonic buffer and incubated on ice for 15 min. The cells were disrupted by addition of detergent and gentle pipetting. The suspension was then centrifuged at 14,000 ϫ g for 30 s, 4°C. Supernatant (cytoplasmic fraction) was discarded, and the pellet (nuclear fraction) was resuspended in complete digestion buffer followed by the addition of enzymatic shearing mixture. After brief vortex, suspension was incubated for 90 min at 4°C. The shearing reaction was stopped by 0.5 M EDTA. Samples were centrifuged at 14,000 ϫ g for 10 min, 4°C. The supernatant (nuclear extract) was quantitated as described earlier. For co-IP, 300 g of nuclear extract was diluted to 500 l in high stringency IP incubation buffer (supplemented with detergent and NaCl for further stringency). The samples were precleared using protein A-agarose beads (Upstate 16-156) and incubated with 60 l of prewashed anti-FLAG M2 affinity gel (Sigma A2220) or protein A-agarose beads overnight at 4°C. The following day beads were washed three times with high stringency IP wash buffer (supplemented with BSA) and then three times with high stringency IP wash buffer (without BSA). Co-IP complex were eluted with 1:1 mixture of 2ϫ Laemmli buffer and high stringency IP wash buffer and boiled for 10 min at 95°C. The eluted samples were subsequently used for SDS-PAGE analysis.
Assay for Homologous and Non-homologous Recombination-HR assay (47, 48, 60) was performed by plating 2 ϫ 10 5 DR-U2OS cells, whereas NHEJ assay was performed by plating U2OS EJ5-GFP cells (50) per well in a 6-well plate. The following day, the cells were transfected with 50 pmol of siRNA. 48 h after transfection of siRNA, the cells were transfected with the I-SceI endonuclease bearing plasmid pCBASce or the control plasmid along with a second smaller dose of siRNA (25 pmol). 72-96 h after transfection with the endonuclease, the cells were harvested for flow cytometry. Briefly, the cells were washed with PBS, trypsinized, and washed again with PBS. The cells were resuspended in PBS supplemented with 5% FBS. The percentage of cells positive for GFP was measured by using Cytomics FC500 series flow cytometer (Beckman Coulter).
Colony Forming Assay-Colony forming assay was performed (61) wherein 2 ϫ 10 5 U2OS cells were plated per well in a 6-well plate. The following day, the cells were transfected with siRNA as described earlier. Twenty-four hours post-transfection, the cells were trypsinized and plated into 10 cm plates (1000 cells/plate) in triplicates. Simultaneously, an aliquot of cells were also plated in a 6-well plate for protein knockdown analysis by Western blotting. 48 h post-transfection, the cells were irradiated with 10 grays of ionizing radiation administered from a Cesium-137 source from Gammacell 40 Exactor (Best Theratronics). 2-3 weeks post-transfection, the cells were visualized under a light microscope for the formation of visible colonies. When the colonies reached a size of greater than 50 cells/colony, the cells were washed with PBS, fixed, and stained simultaneously with methanol ϩ 0.5% crystal violet for 15 min. The plates were destained and washed with a few changes of fresh water until the background was clear. After allowing the plates to dry at room temperature, the colonies were counted, and the plates were photographed on a light table using iPhone 3GS (Apple).
RNA Extraction and cDNA Synthesis-RNA was extracted from a confluent 6-well plate using the TRIzol reagent (Invitrogen 15596-026) as per manufacturer's instructions. Briefly, the cells were washed with PBS followed by lysis using 1 ml of TRIzol reagent. The homogenized samples were incubated for 5 min at room temperature. This was followed by addition of 0.2 ml of chloroform and vigorous shaking of the tubes for 15 s. The samples were then incubated for 3 min at room temperature. Samples were centrifuged at 12,000 ϫ g for 15 min at 4°C. The upper aqueous phase containing the RNA was transferred into a fresh tube followed by precipitation using 0.5 ml of isopropanol. Samples were incubated for 10 min at room temperature and centrifuged at 12,000 ϫ g for 10 min at 4°C. The RNA pellet was washed once with 75% ethanol and centrifuged at 7500 ϫ g for 5 min at 4°C. The RNA pellet was air dried followed by resuspension in RNase-free water and incubated for 10 min at 55°C to dissolve it. This RNA was then purified using RNeasy mini kit (Qiagen 74104) along with the on-column DNase digestion (Qiagen 79254) according to the manufacturer's protocol. The column purified RNA was quantitated using Nano-Drop 1000 (Thermo Scientific) and used for subsequent cDNA synthesis. cDNA was synthesized using SuperScript III first strand synthesis system (Invitrogen 18080-051) according to the manufacturer's instructions using 1 g of total RNA and oligo(dT) 20 primer provided with the kit.
Plasmid Construction-cDNA from HeLa was used to PCR amplify CBX8 using a 2ϫ PCR master mix (Roche 11 636 103 001) and primers (purchased from Sigma). DNA from the CBX8-specific band was excised from the gel and purified using the QIAquick gel extraction kit (Qiagen 28704). CBX8 inserts, as well as the parent plasmids: pOZ-FH-C (62) and pEGFP-N3 (Clontech 6080-1), were restriction digested using the appropriate restriction enzymes (New England Biolabs: BglII R0144S, HindIII R0104S, XhoI R0146S). The restricted products were again gel-purified and subsequently used for ligation using the T4 DNA ligase (New England Biolabs M0202S). Ligations were performed using ϳ3:1 molar ratio of insert: plasmid at 16°C for 60 min, followed by inactivation at 65°C for 10 min. Following ligation, the samples were transformed into subcloning efficiency DH5␣ competent cells (Invitrogen 18265-017) using the supplied protocol and plated onto selective LB-Agar plates (ampicillin 100 g/ml or kanamycin 30 g/ml) and incubated overnight at 37°C. Surviving colonies were analyzed for the presence of insert by colony-PCR using a pair of insert specific primers. Plasmids from positive colonies were harvested by growing the leftover colonies in 200 ml of selective medium overnight followed by maxi-prep using HiSpeed plasmid maxi kit (Qiagen 12663). The purified plasmids were also verified by sequencing using the sequencing primers (Tables 1 and 2) .
UV Laser Induction of DNA Damage-The cells were plated onto a 4-well Lab-Tek chamber slides (NUNC 177399) for the UV laser scissors experiments. If needed, the cells were transfected the following day with the desired GFP/YFP fusion plasmid. 4 -6 h post-transfection medium was replaced with DMEM supplemented with 10 M IdU (Sigma I7125). UV laser treatment was performed the following day. The chamber slides were mounted on the stage of Zeiss Axiovert 200M integrated with PALM microlaser work station. Narrow linear regions within nuclei were marked for UV laser irradiation using PALM robo v3.2 software. UVA radiation (30 Hz, 337 nm) was delivered in the demarcated regions using a 40ϫ objective. The cells were either fixed immediately or returned to the incubator and fixed at the desired time point followed by immunocytochemical staining.
Live Cell Imaging and Quantitation-Live cell imaging experiments were performed by plating cells on a Lab-Tek chambered cover glass (NUNC 155383). The following day, the cells were transfected with GFP/YFP fusion plasmid. Fresh medium supplemented with IdU was added 4 -6 h after transfection. The next day, a live cell imaging experiment was performed using the Zeiss LSM 510 Meta laser scanning confocal microscope. The cells were visualized using 63ϫ water immersion objective. DNA within a narrow rectangular region in the ATTCGAAGCTTGTTTGAGGAGGAAGGTTTTGGG Anti-sense pEGFP-N3 3R ATTCGAAGCTTGGTTTCGAAGGCCCTCCCGGGC Anti-sense pEGFP-N3 4R ATTCGAAGCTTGATCCACTCTGCTGGTACC Anti-sense pEGFP-N3 7R ATTCGAAGCTTGTCTTTTCTCTTTAAAAAAGCC Anti-sense nucleus was damaged using 500 iterations of the fast line scan with UV (351/364 nm) laser operated at 75% of maximum output. Images were acquired immediately before the DNA damage, immediately after DNA damage, and periodically thereafter using the argon laser (488 nm). Quantitation was performed using ImageJ. The mean pixel intensity in the rectangular box surrounding the DNA damage was measured using ImageJ. This mean pixel intensity was then normalized for differences in expression level, microscope gain, and focus drifts by dividing with the mean pixel intensity of a box of the same size from other adjacent undamaged region in the nucleus. This ratio, called the "relative CBX8 signal," was plotted as a function of time.
Immunocytochemistry-The cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min at room temperature. The cells were permeabilized using 0.5% Triton X-100 (10 min, room temperature), washed with PBS, and then incubated with primary antibodies in 5% normal goat serum (Vector Laboratories H-1200). After washing, the cells were incubated with secondary antibodies in 5% normal goat serum and washed again. Finally, the cells were mounted using mounting medium containing DAPI (Vector Laboratories S-1000). All of the solutions were made in PBS that was used in the experiment. The slides were visualized, and the images were captured using either Nikon Eclipse 80i or Zeiss Axiovert 200M fluorescence microscopes.
Drugs and Antibodies-EZH2 inhibitor (DZNep) was obtained from Victor E. Marquez (NCI, National Institutes of Health) (37) . EZH2 inhibitor (GSK 126) was obtained from MedChem Express. ATM kinase inhibitor (KU-0055933) and PARP inhibitor (KU-0058948) were obtained from KuDOS Pharmaceuticals (Cambridge, UK). ATR inhibitor (VE-821) was obtained from Cayman Chemicals. Rabbit polyclonal anti-CBX8 antibody was a kind gift of Tom Kerppola (59) (used at a dilution of 1:100 for IF and 1:2000 for Western blotting [W] ). Alternatively, rabbit polyclonal anti-CBX8 from Abcam 
